Abstract Purpose: Pancreatic cancer is the fourth leading cause of cancer death in the United States, and new drugs to treat the disease are needed. Pancreatic cancer cells are highly metastatic and exhibit resistance to apoptosis. Small molecules that can restore sensitivity to apoptosis or reduce metastasis would have therapeutic potential against this disease. Manzamine A is an alkaloid isolated from marine sponges that was suspected to have inhibitory activity against the mitogen activated kinase kinase (MEK). Because of this, the effects of Manzamine A were studied in pancreatic cancer cells. Methods: AsPC-1 cells were treated for 48 h in the presence of various concentrations of Manzamine A and their phenotype, cytotoxicity, cell invasion and susceptibility to apoptosis were observed. Results: Manzamine A decreased single cell formation, abrogated cell migration and restored the susceptibility of the cells to TRAIL-induced apoptosis in AsPC-1 cells. Its mechanism of action remains unknown, as manzamine A does not inhibit MEK. Conclusions: Manzamine A appears to have a formerly unrecognized activity in blocking tumor cell invasion as well as in restoring cancer cell susceptibility to apoptosis in vitro and therefore has the potential to be used as an adjuvant to existing cancer therapies.
Introduction
Pancreatic cancer is the fourth leading cause of cancer death in the United States, accounting for about ten percent of cancer deaths in the US [1] . The American Cancer Society estimates 42,470 new cases of pancreatic cancer and 35,240 deaths due to pancreatic cancer for 2009 [1] . Because a patient manifests symptoms only after the cancer has metastasized, the prognosis of pancreatic cancer is very negative [1] . Treatment of pancreatic cancer involves surgery, radiation therapy, chemotherapy or a combination of the three, but none of these methods are sufficiently effective. Although combination chemotherapy offers some hope, the prognosis of pancreatic cancer patients under current treatments is still poor, and new drugs to treat the disease are needed.
Pancreatic cancer cells are highly metastatic and very resistant to apoptosis. These characteristics result from the dysregulation of important signal transduction pathways. In pancreatic cancer, constitutive phosphorylation of the Raf-MEK-ERK pathway is a common occurrence [2] , contributing to the metastatic potential of the disease by promoting cell dissociation [2] and resistance to apoptosis [3] . Inhibition of this pathway hinders the growth of pancreatic cancer cells [4] . Pancreatic cancer cells also exhibit constitutive activation of the nuclear factor kappa B (NFκB), and its activation correlates with their metastatic potential and resistance to apoptosis [5] . Finally, the constant activation of STAT3 has been shown to promote pancreatic cancer cells growth rate [6] , implicating this pathway in the strong metastatic potential exhibited by pancreatic cancer cell lines. Therefore, any potential chemotherapies that can affect these overacting signal transduction pathways would have the potential of being more successful in the treatment of the disease than the currently available ones.
Manzamine A (HB-071) is an alkaloid isolated from sponges of the genera Haliclona sp., Xestospongia sp. and Pellina sp. [7] [8] [9] . It has been reported to have anti-tumor, insecticidal, antibacterial, anti-malarial, and anti-inflammatory activities [10] [11] [12] [13] [14] [15] . To test if the anti-tumor properties of Manzamine A extended to pancreatic cancer cell lines, AsPC-1 pancreatic adenocarcinoma cells were treated for 48 h in the presence of various concentrations of Manzamine A and their phenotype, cytotoxicity, cell invasion and susceptibility to apoptosis were observed. Since Manzamine A was suspected to act upon the MEK/ERK signaling pathway based on cytoblot screening, the MEK inhibitor U0126 was used as a positive control at a previously reported concentration [2] .
Materials and methods

Reagents
Manzamine A was obtained from the Harbor Branch Oceanographic Institution pure compound library. The material was originally isolated from a sponge of the genus Haliclona as described in US patent # 4,895,854. The Manzamine A stock solution was at a concentration of 5 mM in methanol. Methanol, isopropanol and Diff-Quick used in the experiments were purchased from Fisher Scientific, Fair Lawn, NJ. The known MEK inhibitor U0126 was purchased from Calbiochem, San Diego, CA. Tris and sodium chloride for western blotting buffers and 3-[4,5-Dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide (MTT) used for cell viability assays were purchased from Sigma Chemical Co., St. Louis, MO.
Cell culture
The human cancer cell lines Panc-1 (CRL-1469, pancreatic), DLD-1 (CCL-221, colon), A549 (CCL-185, lung), AsPC-1 (CRL-1682, pancreatic), as well as the control cell line Vero (CCL-81, African-green monkey kidney), were obtained from ATCC, grown, aliquotted and maintained in liquid nitrogen. The murine leukemia cell line P388 (0503478) and the multi-drug resistant human ovarian cancer cell line NCI/ ADR (0503733) were obtained from NCI Frederick Cancer DCT Tumor repository, grown, aliquotted and maintained in liquid nitrogen. Aliquots of AsPC-1, Panc-1, DLD-1 and Vero were thawed and grown in RPMI-1640 supplemented with 10% Fetal Bovine Serum, 0.11 mg/ml Sodium Pyruvate, 4.5 g/L D-glucose, 18 mM HEPES Buffer, 100 U/ml penicillin G sodium, 100 μg/ml streptomycin sulfate, 0.25 μg/ml amphotericin B, 2 mM L-glutamine and 50 μg/ml gentamicin (Complete RPMI). Aliquots of NCI/ ADR, A549 and P388 were grown in Complete RPMI without sodium pyruvate or additional glucose. Cells were maintained in a humidified incubator at 37°C and 5% CO 2 . Cytoblot 12,000 AsPC-1 cells per well were plated in 200 μl media/ well and allowed to adhere for 24 h in the incubator. At the end of this incubation, 100 μl of medium were removed from each test well and 100 μl of medium containing treatment were added. Cells were incubated for 48 h in the presence of 5 μM and 50 μM of the compounds. Wells were washed with 200 μl/well Tris Buffered Saline (TBS) at 4°C and fixed with 160 μl/well of 3.7% formaldehyde in TBS for at least an hour at 4°C. Cells were permeabilized with 120 μl 100%MeOH (−20°C) for 5 min at 4°C and washed twice at room temperature. 100 μl/well of phosphorylated MEK antibody (pMEK, Santa Cruz Biotechnology sc-7995) diluted 1:100 in 3% milk in TBS were added per well, and the plate was incubated for 1 h at room temperature with mild shaking. Plate was washed twice at room temperature and 100 μl per well of rabbit anti-goat HRP (Calbiochem 401515) diluted 1:1000 were added per well. The plate was then incubated for 1 h at room temperature with mild shaking followed by washing. To visualize the binding, 120 μl of chemiluminescence substrate solution (Amersham Pharmacia) were added per well and incubated for 5 min at room temperature with mild shaking. The samples were read with a plate reader (NOVOstar, BMG Labtech Inc., Durharm, NC) and the data was analyzed in Microsoft Excel. Ninety-one pure compounds were tested in this assay. Each compound was tested in duplicate within a plate, and each test was repeated three times.
Cell viability assay (MTT)
12,000 AsPC-1 cells were plated on a 96-well tissue culture plate. Cells were allowed to adhere for 24 h. At the end of this incubation, 100 μl of medium were removed from each test well and 100 μl of medium containing treatment were added. Treatment consisted of a range of concentrations from 0.6255 to 50 μM of Manzamine A or media with methanol. The cells were then incubated for either 72 (standard cytotoxicity assay) or 48 h at 37°C and 5% CO 2 . After this incubation, 75 μl 5 mg/ml MTT were added to each well. The cells were then incubated for 3 h at 37°C. The plates were centrifuged for 10 min at 800 rpm. The supernatant was removed and 200 μl acidified isopropyl alcohol (1:500 solution of hydrochloric acid to isopropanol) were added to each well. The plates were shaken for 15 min. The absorbencies of these solutions were measured at 570 nm with a plate reader (NOVOstar, BMG Labtech Inc., Durham, NC). The resulting absorbencies were plotted using Microsoft Excel.
Morphological changes
AsPC-1 cells were grown alone, in the presence of 1.25, 2.5, 5 and 10 μM Manzamine A and in the presence of 20 μg/ml U0126 for 48 h. Images were captured using a Nikon digital camera attached to an Olympus light microscope. Alternatively, cells were cultured as stated above, stained with DiffQuick (Fisher Scientific), and then photographed.
Sensitivity to TRAIL-induced apoptosis 12000 AsPC-1 cells were plated on a 96-well tissue culture plate at a volume of 200 μl/well, allowing for twelve replicate wells per treatment. Cells were allowed to adhere for 24 h. At the end of this incubation, 100 μl of medium were removed from each test well and 100 μl of medium containing treatment were added. Treatment consisted of media alone, media with methanol, 10 μM Manzamine A or 20 μg/ml U0126. The cells were then incubated for 48 h at 37°C and 5% CO 2 . After this incubation, half of the wells of each treatment were incubated with 100 ng/ml Super Killer TRAIL (Alexis, San Diego, CA) for 18 h at 37°C and 5% CO 2 . At the end of this incubation, cells were washed and stained with Annexin V-PE antibody and 7-Amino-actinomycin D (7-AAD) and analyzed by flow cytometry using a BD FACSCanto. The resulting percentages were plotted using Microsoft Excel.
Western blotting
AsPC1 cells were treated with 1.25, 2.5, 5, and 10 μM Manzamine A for 48 h, then lysed using ice cold Radio Immunoprecipitation (RIPA) buffer containing phosphatase and protease inhibitors (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM PMSF, 1 mM EDTA, 5 µg/ml Aprotinin, 5 µg/ ml Leupeptin, 1% Triton x-100, 1% Sodium deoxycholate, 0.1% SDS, 2 mM Na 3 VO 4 , 1 mM NaF). Protein concentration was quantitated using the Lowry method (BCA assay, Pierce, Rockford IL). Twenty μg of protein per sample were run in a pre-cast denaturing 15% SDS-PAGE gel (Biorad, Hercules CA), which was then transferred to a polyvinylidene difluoride (PVDF) membrane, and blocked with 5% non-fat milk in Tris-buffered saline containing Tween-20 (TBST) buffer for one hour at room temperature. After repeated washing, the membrane was incubated with primary antibody overnight at 4˚C, followed by repeated washing and a one hour incubation with horseradish peroxidase conjugated secondary antibody at room temperature. Detection of proteins was done with chemiluminescence (Amersham Biosciences, Piscataway, NJ), followed by exposure to X-ray film. The X-ray film was subjected to a densitometry analysis using the NIH image J software. The density was normalized against the density of the actin for each sample. The antibodies used were anti-pMEK, and anti-MEK2 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-MEK 1 (Cell Signaling Technologies, Beverly, MA) and anti-β actin (Sigma Chemical Co., St. Louis, MO). Secondary antibodies were obtained from Jackson Immunobiologicals (West Grove, PA) and Calbiochem (San Diego, CA).
In vitro cell invasion assay
The invasiveness of AsPC-1 cells alone, treated with Manzamine A, or treated with U0126 as a positive control, was evaluated in 24-well transwell chambers, as described by Fu et al. in 2003 [16] . Briefly, the upper and lower 12,000 AsPC-1 cells per well were plated and allowed to adhere overnight. Cells were then treated with either 5 μM or 50 μM compounds, vehicle control or 52.6 μM U0126 as a positive control for 48 h. Cells were then fixed, permeabilized and labeled with an antibody specific for phosphorylated MEK. Binding was visualized by chemiluminescence and the data normalized to vehicle control. Each compound was tested in duplicate within a plate, and each test was repeated three times. 91 compounds were assayed. A sampling of compounds that exhibited pMEK inhibition at 5 μM is shown. The data for each compound shown is the average of 3 experiments ± standard deviation culture compartments of each well were separated by polycarbonate membranes (8-µm pore size). To determine baseline migration, 2.5×10 4 cells in 0.5 mL of complete medium containing 5% FBS were placed into the upper compartment of uncoated wells (BD Discovery Labware, San Diego, CA), and 0.75 mL of complete medium containing 10% FBS were placed into the lower compartment. In parallel, to assess the ability of the same cells to penetrate a collagen matrix, the experiment was repeated using upper compartments coated with 100 µg/cm 2 of collagen matrix (BD Discovery Labware, San Diego, CA). The transwell chambers were incubated for 48 h at 37°C in 95% air and 5% CO 2 . Cell penetration through the membrane is detected by staining the cells that made it through the porous membrane into the plate with a DiffQuik stain kit and observed and photographed at 100× magnification on a light microscope.
Statistics
Statistical analysis of the data sets to determine mean, standard deviation, and standard error of the mean was performed using Microsoft Excel. Data sets were compared using the Student's T Test. A p value ≤0.05 was considered significant. Outliers were detected through the Grubbs Test.
Results
In an effort to find small molecule inhibitors of pMEK in our library of marine natural products, a screening was performed using antibodies against phosphorylated MEK and comparing it to the known MEK inhibitor U0126.
U0126 was shown to exhibit its inhibitory effects against MEK at a concentration of 20 μg/ml, which when expressed in molarity is equivalent to 52.6 μM. This concentration of U0126 was used as a positive control in all assays. The results of five compounds tested at a concentration of 5 μM are shown in Fig. 1 . Manzamine A was one of the hits from that screening effort.
The cytotoxicity of Manzamine A was determined in diverse cancer cell lines using an MTT assay for 72 h. The results are shown in Table 1 . In AsPC-1 cells, treatment with 4.17±1.41 μM Manzamine A for 72 h is necessary to obtain 50% cell death (IC 50 ). Overall, Manzamine A is not very cytotoxic, with most IC 50 concentrations lying in the 1-6 μM range. Since most of the prior publications showing the effects of U0126 were done at 48 h of treatment, viability of AsPC-1 cells after treatment with different concentrations of Manzamine A was also ascertained at 48 h. With this shorter incubation, 40 μM of Manzamine A were required to induce 50% cytotoxicity in AsPC-1 cells (Fig. 2) .
AsPC-1 cells have been shown to grow in single cell formation and to form aggregates in the presence of pMEK inhibitors [2] . Therefore, cell morphology was observed after 48 h of treatment with different concentrations of Manzamine A or the controls (Fig. 3) . Treatment of AsPC-1 cells with 5 and 10 μM Manzamine A caused AsPC-1 to lose their single cell formation morphology similar to that caused by 52.6 μM U0126. The changes on morphology were less apparent at lower concentrations of Manzamine A.
Next, the ability of Manzamine A to reduce in vitro cell migration of AsPC-1 cells was tested. As shown in Fig. 4 , cells cultured with media alone or the vehicle control (Fig. 5a ). 7 aminoactinomycin D (7AAD), a nonpermeable nucleic acid stain, was used in conjunction with Annexin V. When evaluating the data, the lower left quadrant contains both annexin V and 7AAD negative cells, which correspond with live cells, the lower right quadrant contains early apoptotic cells designated by being Annexin V positive but 7AAD negative, the upper right quadrant contains late apoptotic or necrotic cells (positive for both stains) and the upper left quadrant contains debris.
To summarize the data, the percentages of cells in the right quadrants were added and graphed against those in the lower left quadrant. As shown in Fig. 5a , treatment of AsPC-1 cells with 5 and 10 μM Manzamine A induced an average of 31% and 43% apoptosis respectively. Treatment with 100 ng/ml super killer TRAIL induced 33% apoptosis. However, cells treated with super killer TRAIL antibody in addition to 10 μM Manzamine A exhibited 82% induction of TRAIL-mediated apoptosis. The experiment also was performed using an MTT assay. Treatment with 5 and 10 μM Manzamine A resulted in a 29% and a 54% loss of viability respectively. Treatment with 52.6 μM U0126 resulted in a 36% loss of viability while treatment with TRAIL alone caused a 54% loss of viability. However, the combination of 52.6 μM U0126 in combination with Fig. 4 Manzamine A inhibits in vitro cell migration. Cells were trypsinized and placed on top of inserts containing a collagen matrix or a membrane alone in media containing 5%FBS. Inserts were placed on top of a plate with media containing 10% FBS to create a serum gradient. Cells on top inserts were treated with different concentrations of Manzamine A, methanol as a vehicle control or U0126 as a positive control 48 h. Inserts were removed and plate was placed under a microscope and photographed under a 40× objective. Experiment was repeated 3 times. One representative experiment is shown Fig. 3 Manzamine A abrogates cell dissociation in AsPC-1 cells. Cells were plated, allowed to adhere for 24 h, and treated with different concentrations of Manzamine A, methanol as a vehicle control or U0126 as a positive control for 48 h. Cells were fixed and stained with Diff-Quick, placed under a microscope and photographed under a 40× objective. Experiment was repeated 3 times. One representative experiment is shown Fig. 5 Manzamine A restores sensitivity to apoptosis in AsPC-1 cells. a Cells were plated, allowed to adhere for 24 h, and treated with different concentrations of Manzamine A or methanol as a vehicle control for 48 h. In addition to this treatment, some cells received 100 ng/ml super killer TRAIL for 18 h. Cells were then trypsinized, labeled with Annexin V antibody and 7AAD stain and analyzed by flow cytometer. Experiment was repeated 3 times. Dot plots for one representative experiment are shown, as well as a graph containing the average of 3 experiments ± standard deviation. b Cells were plated, allowed to adhere for 24 h, and treated with different concentrations of Manzamine A, methanol as a vehicle control or U0126 as a positive control for 48 h. In addition to this treatment, some cells received 100 ng/ml super killer TRAIL for 18 h. MTT was added for the last 4 h of incubation and processed. Changes in color due to metabolization of MTT by live cells were measured by reading absorbances in a plate reader. Numbers were normalized against vehicle control. The average of 3 experiments ± standard deviation is shown TRAIL induced 62% loss of viability while the combination of TRAIL with 5 μM manzamine A resulted in a 79% loss of viability and with 10 μM resulted in a 93% loss of viability (Fig. 5b) .
Finally, the effects of Manzamine A upon the MEK1/2 signal transduction pathway were ascertained. As shown in Fig. 6 , while 52.6 μM U0126 causes an obvious inhibition of Erk phosphorylation in AsPC-1 cells, treatment with Manzamine A failed to show a reduction in Erk phosphorylation. However, a recent publication reported that Manzamine A binds glycogen synthase kinase 3 beta (GSK3β) in an enzymatic assay [17] , providing a plausible mechanism of action. GSK3β shares structure similarity with ERK [18] , affects proliferation and apoptosis and its activity has been associated with survival of pancreatic cancer cells [19] . Therefore, intracellular staining of phosphorylated GSK3β and its associated downstream proteins was carried out and analyzed by flow cytometry. As shown in Fig. 7 , treatment of AsPC-1 cells with Manzamine A increased the expression of phosphorylated GSK3β, thus increasing the inactive form of this molecule. That this decrease affected GSK3β signaling was confirmed by the increase of expression of phosphorylated cyclin D1 and a decrease of phosphorylated p65 NFκB (Fig. 7) , both of which are expected effects of the inhibition of GSK3β signaling.
Discussion
Pancreatic cancer cells have high metastatic potential and resistance to apoptosis that makes them highly unresponsive to current treatments, as evidenced by the 5% survival rate. The AsPC-1 cell line is known to have a very aggressive metastatic potential and to be one of the most resistant to apoptosis of the pancreatic cancer cell lines available. Thus, the effects of Manzamine A in this cell line make this compound a potential adjuvant in the treatment in pancreatic cancer. Manzamine A was identified from a screening effort as being a potential as an inhibitor of pMEK. While the lack of involvement of the pMEK pathway in the mechanism of action of Manzamine A was puzzling, the ability of Manzamine A to inhibit GSK3β in AsPC-1 pancreatic cells Fig. 6 Manzamine A does not exert its effects on AsPC-1 cells through the pMEK/Erk signaling pathway. Cells were plated, allowed to adhere for 24 h, and treated with different concentrations of Manzamine A, methanol as a vehicle control or U0126 as a positive control for 48 h. At the end of that incubation protein was isolated and subjected to western blotting. Experiment was repeated three times. One representative experiment is shown Fig. 7 Anti-proliferative and anti-metastatic effects of Manzamine A on AsPC-1 cells may be mediated by acting upon GSK3β. Cells were plated, allowed to adhere for 24 h, and treated with different concentrations of Manzamine A and methanol as a vehicle control for 48 h. Cells were then fixed, permeabilized, and labeled with fluorescent antibodies. Fluorescence was analyzed by flow cytometry. Experiment was repeated three times. The average of 3 experiments ± standard deviation is shown provides an alternative explanation for the observed sensitization of apoptosis, as inhibition of GSK3β leads to apoptosis of pancreatic cancer cells via the inhibition of NFκB [19] . Inhibition of GSK3β, however, does not explain the loss of single cell formation and loss of migratory ability of AsPC-1 cells treated with manzamine A. These events suggest that GSK3β inhibition is not the sole mechanism of action of manzamine A in AsPC-1 cells. While the ability of Manzamine A to bind GSK3β is being explored in the treatment of Alzheimer's disease [17] , this is the first report that shows the pro-apoptotic effects and potential anti-metastatic effects suggested by the prevention of migration and loss of single cell formation that Manzamine A has in AsPC-1 pancreatic cancer cells. These are new effects against cancer of this compound as its only known activity was its ability to kill cancer cells (Table 1) , which does at concentrations much higher than those desired for chemotherapeutics.
Irrespective of its mechanism of action, the effects that Manzamine A has on AsPC-1 pancreatic cancer cells remain unequivocal. Manzamine A abrogated the single cell formation that correlates with the high metastatic potential of AsPC-1 cancer cells, using a fifth of the concentration needed for U0126 to produce similar results. Manzamine A also prevented cancer cell migration, which could translate in further anti-metastatic effects. Moreover, unlike U0126, Manzamine A is shown here to abrogate the resistance to TRAIL mediated apoptosis which causes the failure of many current therapies. Furthermore, Manzamine A appears to be fairly stable and shows little cytotoxicity on its own at small concentrations. These results suggest Manzamine A has a strong potential to be used in combination therapy in the treatment of pancreatic cancer, and merits further research. Studies are currently underway to address its effects in other in vitro cell lines and an in vivo model for metastatic pancreatic cancer. While a major concern with marine derived compounds is their limited availability, the total synthesis for Manzamine A has been reported [20] , and a microbe that can produce Manzamine A through fermentation has been isolated [21] . Thus renewable sources of the compound exist for future studies and widespread use.
